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Introduction 1
Membrane-based techniques such as ultrafiltration (UF), nanofiltration (NF), and 2 reverse osmosis (RO) are commonly applied to manage waste water treatment and 3 seawater desalination [1] [2] [3] . Forward osmosis (FO) is a process that uses an osmotic 4 pressure gradient as the driving force to extract pure water out of saline water. In the 5 water treatment area FO has been seen as having potential due to prospective lower 6 energy costs and positive effects with regard to the mitigation of membrane fouling 7 compared to traditional pressure-driven membranes [4] [5] [6] [7] [8] but reservations about its 8 industrial potential have been expressed [9] .The challenges include the need for thin film 9 composite FO membranes (TFC-FO) to have higher water fluxes, reduced reverse flux of 10 salt and the need to lessen internal concentration polarization (ICP) [10] [11] [12] . 11
Many studies have been performed to improve TFC membrane performance through 12 membrane modifications. One of the most prevalent strategies is to embed nanoparticles 13 into membranes. It was reported that materials such as silver, TiO 2 , carbon nanotubes 14 (CNTs), and ZnO could be blended into membranes to alter certain membrane properties 15 including porosity, roughness and hydrophilicity, which enhanced membrane 16 performances [13] [14] [15] [16] . Another strategy is to modify the surface of the membranes either 17 to improve membrane permeability/rejection or to reduce fouling. It was reported that by 18 adding silicon dioxide into aqueous solutions during the interfacial polymerization 19 process, the water flux of the FO membrane was increased and the reverse solute flux 20 was reduced [17] . Embedded silver nanoparticles into the surface of membranes has been 21 found to reduce the membrane fouling since silver nanoparticles interacted with bacteria 22 directly [18] [19] [20] [21] . 23
Recently carbon-based nanomaterials have attracted attention as a novel membrane 24 modifier. Among these nanomaterials, graphene and graphene oxide (GO) have become 25 buzzwords in recent years due to advantages such as large surface area, great 26 compatibility, prominent electron transport and great mechanical properties [22] . 27
Enhancements of both water flux and sodium sulfate rejection were reported when GO 28 was added into polysulfone 
Preparation of GO and PVP-GO modified FO membranes 4
The PSf substrate membrane was prepared through a typical phase inversion 5 technique. Generally, 0.5 wt.% of PVP and 17.5 wt.% of PSf were dissolved into 82 wt.% 6 NMP. The casting solution was spread on a clean glass plate at a knife height of 175 µm. 7
The permeate flux of pure water of this substrate membrane was approximately 367 8 LMH under a pressure of 0.1 MPa, tested by a dead-end filtration testing system. 9
Moreover, the rejection of 1 g·L -1 of bovine serum albumin (BSA) was 99.4%. 10
The prepared GO and the PVP-GO solution were diluted into the specific 11 concentrations listed in Table 1 . After that, 2.0 wt.% MPD was added into solutions 12 containing different amounts of GO and PVP-GO, respectively. Through interfacial 13 polymerization, the dense active polyamide (PA) layer of the FO membrane was prepared 14 on the substrate membrane. Firstly, 2.0 wt.% MPD aqueous solution containing 15 nanoparticles were poured onto the surface of the substrate membrane for 2 min. Excess 16 MPD aqueous solution was removed by a rubber roller. After that, 0.1 wt.% TMC6 dissolved in n-hexane was poured onto the surface of the membrane. After 1 min, the 1 TMC solution was drained off. Later, the membrane was stored in an oven under 60 °C 2 for 8 min. Finally, the membrane was stored in a deionized water bath for future use. 3
According to the amount of GO in MPD solution, the membranes were named as GO-4 FO-1, GO-FO-2, GO-FO-3, GO-FO-4, GO-FO-5 and GO-FO-6, while PVP-GO modified 5 FO membranes were labeled as PGO-FO-1, PGO-FO-2, PGO-FO-3, PGO-FO-4, PGO-6 FO-5 and PGO-FO-6. 7 8 Table 1 . The concentration of nanoparticles in MPD solutions for interfacial polymerization. 
Characterization of GO and PVP-GO nanoparticles 11
Ultraviolet-visible (UV-vis) spectra of GO and PVP-GO solutions were measured 12 using a Cary-50 UV-vis spectrometer (Varian, USA). Attenuated total reflectance-13 infrared spectroscopy (ATR-FTIR, Nicolet iS10, Thermo Fisher Scientific, USA) was 14 used to estimate the functional groups of nanoparticles. Additionally, Raman scattering 15 spectra of GO and PVP-GO were collected by a LabRAM Aramis (HORIBA JobinYvon) 16 confocal micro-Raman system. For obtaining Raman spectra, one drop of GO and PVP-17 GO solution was placed onto clean silicon wafers as the SERS substrate, respectively. 18
After drying under room temperature, the Raman signals of GO and PVP-GO molecules 19 were detected. Zeta potential of GO and PVP-GO solution were analysed by a ZetaPALS 20 Zeta Potential Analyzer. 21
Characterization of FO membranes 22
In order to estimate the functional groups in the membrane surface, infrared spectra 1 of membranes were obtained by ATR-FTIR. Before investigation, membrane samples 2 were kept at room temperature for 24 h to dry. Additionally, in order to investigate the 3 hydrophilicity of membranes, a sessile drop analysis system (DSA100, KRUSS, 4
Germany) was applied to measure the contact angle of the membranes. The contact 5 angles were tested immediately after placing a drop of deionized water on the surface of 6 membranes. Prior to testing, every membrane sample was dried at room temperature for 7 24 h. Additionally, a field emission scanning electron microscope (FESEM, HITACHI S-8 4800, Japan) system was in place to observe the surface morphology of FO membranes. 9
Before testing, all samples were kept in an oven for 48 h at 80 °C. Membrane surface 10 roughness was analyzed by atomic force microscopy (AFM) (Aglient, USA) used in a 11 peak force tapping mode in air. 12
Evaluation of desalination performance of FO membranes 13
All membranes were tested in a forward osmosis test system, which has been 14 described previously [16, 34] respectively. 26
where ∆V is the volume of permeated water (L), A m is the membrane area (m 2 ), and ∆t is 1 the permeation time (h), C t is the concentration of NaCl at the end of permeation time, V t 2 is the volume of permeated water at the end of permeation time (L). 3 two weeks after being prepared. It was observed that there was no obvious precipitation 7 of either GO or PVP-GO. Fig. 2b illustrates the UV-vis spectra result of GO, PVP and 8 PVP-GO. Some typical peaks could be observed in GO nanosheets. The peak at 230 nm 9 is associated with the π-π* transitions caused by the C-C bonds of the aromatic skeleton, 10 while a shoulder peak at 300 nm resulted from the π-π* transitions caused by the C-O 11 bonds of carboxylic acid [25, 33, 35] . Compared with GO, PVP-GO showed an obvious 12 peak at 197 nm which is the typical peak of PVP, indicating that PVP was successfully 13 coated on the surface of GO. Another difference between the spectra of PVP-GO and GO 14 was that the absorption peak which was at 230 nm in GO shifted to at 270 nm in PVP-GO, 15 while the intensity of the shoulder peak at 300 nm decreased, which showed that GO was 16 reduced [35, 36] . In addition, the reduction of GO was the reason for color differences 17 between GO and PVP-GO aqueous dispersions. there was a peak at 1726 cm -1 in the spectra of GO due to the oxygen-containing groups 7 on the surface of the GO [37] . Nevertheless, the peak disappeared in the spectra of PVP-8 GO, indicating that some oxygen-containing groups on the GO surface were removed, 9 and certain chemical bonds were built up between PVP molecules and some functional 10 groups on the surface of GO sheets [37] . This change of PVP-GO indicated that GO was 11 reduced by L-AA during the process of PVP-GO preparation. It was reported that at the 12 beginning stage of PVP-GO synthesis, some tert-amide groups in PVP are protonated 13 because of L-AA. After that, these active tert-amide groups reacted with the epoxide or 14 the hydroxyl groups surrounding the surface of GO before the functional groups were 15 reduced by L-AA (Fig. 1) [37]. The reduction of GO was also confirmed through 16 evidence of Raman scattering (Fig. 3b) . The spectra of GO indicated that there were two 17 characteristic peaks at 1338 cm amounts of GO or PVP-GO. It was observed that the contact angles decreased with the 10 increasing concentrations of GO or PVP-GO. This was due to the hydroxyl functional 11 groups around GO and PVP-GO, which were confirmed by the ATR-FTIR results shown 12 in Fig. 3a and Fig. 4 , respectively. Moreover, compared with the contact angles of GO-13 FO membranes, PGO-FO membranes showed slightly lower contact angles at the same 14 concentration of nanoparticles. This indicated that the hydrophilic PVP also increases the 15 hydrophilicity of membrane surface, which was in line with other research [32] . valley" structures formed by the interfacial polymerization process were found in all 8 membranes [45] . It could be observed that the pristine TFC-FO membrane had a dense 9 cross-linking network that covered the globular structure and left only a few globules 10 exposed. While GO concentrations increased, more globules were observed on the 11 surface of membranes ( Fig. 6b and 6d ). There were some regions on the GO-FO-6 12 membrane that were smooth and without any cover of globules or crosslinking networks. 13
Results and discussion
A computer software "Image J" was used to measure the percentage of smooth area on 14 the membrane surfaces. Firstly, the area of smooth regions (in Fig. 6d and Fig. 6e  15 respectively) were highlighted and measured by the software. After that, the area of the 16 smooth regions was divided by the total area of the SEM image to illustrate the 1 percentage of smooth area on membrane surfaces. Results indicated that the smooth area 2 of GO-FO-6 occupied almost 37.9% of the membrane surface in Fig. 6d , while PGO-FO-3 6 had a smooth area of 17.3%. The effect of GO and PVP-GO on surface roughness was 4 also investigated by analyzing the surface topology using AFM. Fig. 7 shows the three 5 dimensional AFM images of the top surface of the pristine TFC-FO, GO-FO-5, PGO-FO-6 5, GO-FO-6 and PGO-FO-6 membranes with a scan size of 5 µm × 5 µm. Table 2 The hydrophilic surface improved the adsorption of water molecules on the membrane 1 surface and possibly increased the diffusion rate of water molecules passing through the 2 modified membranes [44, 50] . Moreover, the thinner polyamide layer of the TFN-FO 3 membranes was also was a critical factor in improving the water fluxes. 4
Compared with the water fluxes of GO-FO membranes, the water fluxes of all the 5 PVP-GO modified membranes were higher when modified by the same concentration of 6 GO. This was potentially associated with enhancements in both the hydrophilicity and the 7 dispersibility of PVP-GO. It has been reported that PVP tends to attract water molecules 8 [37, 51] which would enhance the relative hydrophilicity of PVP-GO membranes. 9
However, when the concentration of GO and PVP-GO reached 0.0175 wt.% and 0.02 10 wt.%, respectively, the water fluxes had passed their optima. This could be due to 11 aggregation of nanoparticles at higher concentrations. As shown in SEM and AFM 12 images, an enlarged smooth area could be observed when the concentration of GO 13 increased to 0.02 wt.%, (Fig. 6d and 7d) . The smooth region on the surface of the GO-14 
